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ABSTRACT 


Long  period  signals  recorded  at  the  seismic  arrays  UBO, 

TFO  and  LASA  were  analyzed  to  determine  the  fundamental  mode 

Rayleigh  wave  dispersion  curves  for  paths  from  different 

source  areas  to  each  of  the  arrays.  These  paths  are  mixed 

continental  and  oceanic,  and  the  dispersion  curves  calculated 

fall  within  the  range  between  the  average  dispersion  for  a 

pure  continental  path  and  that  for  a  pure  oceanic  path. 

Analysis  of  the  long  period  noise  (15  to  50  seconds)  recorded 

at  each  array  shows  the  rms  value  to  be  in  the  8  to  20  my 

h 

range.  Simple  beamforming  gives  approximately  N^db  reduction 
in  noise  at  all  arrays.  Using  a  group  velocity  of  3.5  km/sec 
results  in  signal  loss  for  some  events  in  the  LASA  beams. 
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INTRODUCTION 


Long  period  signals  and  noise  recorded  at  the  seismic 
arrays  UBO,  TFO  and  LASA  were  analyzed  to  provide  information 
useful  to^ signal  detection  efforts  and  to  evaluate  the  per¬ 
formance  of  simple  long-period  beams  formed  with  these  arrays. 
The  analysis  included  the  computation  of  group  velocity  dis¬ 
persion  for  fundamental  mode  Rayleigh  waves  generated  by 
seismic  events  recorded  at  these  arrays,  and  the  calculation 
of  noise  reducing  properties  of  beamforming  each  of  the  three 
arrays  for  a  set  of  twenty  five  events.  All  data  analyzed 
in  this  report  were  recorded  by  the  arrays  UBO,  TFO  and  LASA 
within  the  time  period  June  1,  1969  to  December  31,  1969. 


RAYLEIGH  WAVE  GROUP  VELOCITY  DISPERSION 


Knowledge  of  the  Rayleigh  group  velocity  as  a  function 
of  period  for  a  path,  from  a  specific  source  area  to  an  array 
makes  it  possible  to  predict  accurately  the  Rayleigh  wave 
arrival  time  at  the  array  given  an  event  origin  time.  Alter¬ 
nately  it  is  possible  to  determine  the  epicenter  location 
and  origin  time  of  an  event  by  using  surface  wave  arrival 
times  at  several  recording  stations  and  employing  the  known 
Rayleigh  group  velocity  dispersion  from  the  source  area  to 
each  of  these  stations.  The  dispersion  of  Rayleigh  wave  group 
velocities  is  important,  therefore,  in  signal  detection,  epi¬ 
center  location,  and,  used  together  with  other  data,  in  the 
determination  of  crustal  and  upper  mantle  properties  along 
the  path  travelled  by  the  surface  wave. 

The  group  velocity  dispersion  for  the  fundamental  mode 
Rayleigh  wave  was  computed  for  a  set  of  events.  The  computa¬ 
tions  were  made  by  Fourier  analysis  of  the  digital  data  using 
a  moving  window  technique  (Cohen,  1970,  and  Dziewonski  et  al, 
1969).  The  source  parameters  of  the  events  for  which  dis¬ 
persion  to  the  arrays  was  calculated  are  given  in  Table  I.  The 
actual  array  instruments  which  recorded  the  digital  data  used 
in  the  dispersion  calculations  are  also  listed  in  Table  I.  No 
correction  was  made  for  the  small  group  delay  of  the  seismograph 
sys  tern. 

The  calculated  Rayleigh  fundamental  mode  dispersion  curves 
are  shown  in  Figures  1  through  20  along  with  the  actual  seismo¬ 
grams  analyzed.  In  many  cases,,  these  seismograms  are  of  suf¬ 
ficient  quality  (good  signal  to  noise  ratio)  to  consider  them 
for  use  as  matched  filters  for  other  events  from  the  same  source 
areas.  H 
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The  paths  from  the  source  areas  to  each  of  the  arrays 
are  mixed  continental  and  oceanic  for  all  the  events  processed. 
The  summary  of  observed  surface  wave  dispersion  presented 
by  Oliver  (1962)  verifies  that  the  calculated  dispersion 
curves  given  in  Figures  1  through  20  are  consistent  with 
previous  work  in  that  they  do  indeed  fall  within  the  range 
bounded  by  the  dispersion  curves  for  pure  continental  and 
pure  oceanic  paths. 


ANALYSIS  OF  ARRAY  BEAMS 


In  forming  beams  using  the  long  period  sensors  of  the 
seismic  arrays  UBO,  TFO  and  LASA,  N  traces  were  shifted  in 
time  corresponding  to  a  signal  group  velocity  of  3.5  km/sec 
and  then  summed.  The  averages  of  signal  and  of  noise  values 
for  all  traces  used  in  forming  the  beams  were  computed  along 
with  the  signal  and  noise  values  for  the  beams.  The  signal 
values  were  calculated  by  taking  one  half  of  the  absolute 
value  of  the  largest  peak-to-peak  amplitude  in  the  signals. 

Noise  values  were  determined  by  calculating  the  rms  amplitude 
value  over  a  time  interval  of  length  ranging  from  600  to  800 
seconds  and  selected  so  that  the  entire  time  interval  preceded 
the  arrival  time  of  the  P  phase  for  the  event  being  processed. 

The  ratio  of  signal  to  noise  (S/N)  in  db  was  then  computed  for 
each  trace  used  to  make  the  beam  and  also  for  the  beam.  The 
S/N  improvement  in  db  of  the  beam  over  the  mean  trace  S/N  was 
then  determined  by 

on  lnn  ( _ S/N  for  the  beam _ \ 

®  \Mean  S/N  for  all  traces  in  the  beam/ 

For  the  case  of  uncorrelated  noise,  the  theoretical  improvement 
is  N^  db. 

* 

Beams  were  formed  using  the  vertical  long  period  instru¬ 
ments  of  the  arrays  UBO,  TFO  and  LASA  for  twenty  five  different 
events.  The  source  parameters  of  these  events  are  listed  in 
Tablell.  All  traces  used  in  forming  these  beams  for  UBO,  TFO 
and  LASA  were  first  processed  through  the  15  to  50  second  band¬ 
pass  filter  shown  in  Figure  21. 

Signal,  noise  and  signal-to-noise  values  were  then  determined 
for  each  of  the  events  by  the  methods  previously  described.  The  v 
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results  are  tabulated  inTable  III.  Mean  signal  values  and  S/N 
values  are  indicated  by  the  word  Mean  under  the  appropriate 
column  headings.  The  average  noise  values  are  listed  under 
the  letters  rms .  For  the  beams,  the  signal,  noise  and  S/N 
values  are  all  listed  under  the  Z  headings.  The  signal  and 
noise  reduction  are  both  given  by  20  log  (m£sh)'  with  X  and 
Mean  representing  signal  values  in  the  first  case  and  noise 
values  in  the  second  case. 

Each  of  the  events  for  which  UBO,  TFO,  or  LASA  beams  were 
formed  are  presented  in  Figures  22  through  70.  These  figures 
show  the  actual  traces  used  in  formation  of  the  beam  and  the 
unphased  and  phased  (beam)  traces.  The  noise  traces  shown  for 
each  event  are  the  entire  noise  samples  used  to  compute  the 
rms  noise  values.  So  that  the  character  of  the  noise  might  be 
more  obvious,  the  noise  traces  for  each  event  are  shown  at 
two  magnifications.  The  trace  labeled  only  with  the  instrument 
is  at  the  same  gain  as  the  signal  trace  for  that  instrument.  The 
trace  labeled  with  the  instrument  followed  by  the  word  NOISE  is 
at  an  arbitrarily  higher  gain  to  show  better  the  noise  character. 

The  mean  rms  noise  levels  for  UBO,  TFO  and  LASA  determined 
for  each  event  processed  are  presented  in  Figure  71.  Most  noise 
values  for  all  three  of  the  arrays  can  be  seen  to  fall  within 
the  range  of  8  to  20  my.  The  mean  noise  values  higher  than  20  my 
can  generally  be  found  to  have  a  clearly  detectable  signal  from 
an  event  (other  thar  the  event  being  processed)  within  the  noise 
time  sample.  Examples  of  this  situation  are  the  Costa  Rica,  Fox 
Island,  Kermadec  Island,  Kurile  Island,  Ryukyu  Island,  and 
Sinkiang  events. 

The  reduction  of  the  noise  levels  at  UBO,  TFO  and  LASA  by 
beam  formation  is  shown  in  Figure  72,  and  the  S/N  improvement 
of  the  beams  for  each  of  the  arrays  is  presented  in  Figure  73. 


* 
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In  Figures  72  and  73,  only  those  events  are  included  for  which 
6  or  7  traces  were  used  in  the  UBO  and  TFO  beams,  and  16  or  17 
traces  were  used  in  the  LASA  beams. 

From  Figure  72,  it  can  be  seen  that  the  noise  reducing 
properties  of  UBO  and  TFO  are  approximately  the  same  for  all 
the  signals  processed.  The  noise  reduction  of  all  three  arrays 
for  most  events  processed  seems  to  be  within  2  db  of  the  theo¬ 
retical  for  uncorrelated  noise.  For  the  Costa  Rica  and  Fox 
Island  events  which  have  a  signal  in  the  noise  sample,  greater 
noise  reduction  than  the  expected  fP  is  attained.  A  fairly 
large  signal  in  the  noise  sample  can  either  increase  or  decrease 
the  noise  reducing  properties  of  an  array  beam,  depending  on 
the  relative  location  of  the  event  in  the  noise  sample  and  the 
qvent  being  processed.  For  some  of  the  events  processed,  a 
slight  improvement  (less  than  one  db)  in  the  LASA  noise  reduc¬ 
tion  properties  may  be  obtained  by  adjusting  the  calibration 
used  to  convert  the  digital  counts  to  millimicrons  for  data 
from  the  C1Z  and  C2Z  instruments.  These  instruments  have  very 
low  gains  and  were  not  calibrated  for  these  gains  in  forming 
some  of  the  beams.  In  these  cases  C1Z  and  C2Z  are  of  low  ampli¬ 
tude  and  contribute  very  little  in  reducing  the  noise. 

The  S/N  improvement  of  the  beams  of  each  of  the  arrays  is 

shown  in  Figures  73  and  74.  From  Figure  73,  it  can  be  seen 

that  UBO  beams  using  6  or  7  traces  give  about  the  same  S/N 

improvement  as  LASA  beams  using  16  or  17  traces  for  the  events 

w 

presented.  In  Figure  74,  the  S/N  improvement  compared  to 
for  all  events  processed  (havihg  any  number  of  traces)  is 

k  I 

presented.  This  figure  shows  that  the  UBO  and  TFO  beams  perform 
equally  well  and  that  the  S/N  improvement  is  usually  within  4  db 
of  the  N*5  values,  while  the  LfiSA  beams  are  often  more  than  3  db 
below  the  theoretical  N*5  values. 
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Loss  of  signal  amplitude  in  the  process  of  forming  beams 
using  a  group  velocity  of  3.5  km/sec  seems  to  be  one  factor 
making  the  LASA  beams  relatively  less  effective  than  the  UBO 
and  TFO  beams.  This  observation  is  confirmed  by  ^forming  beams 
using  only  the  AOZ  instrument  and  either  the  C-ring  or  the 
F-ring  instruments  for  group  velocities  of  3.0  km/sec  and  3.8 
km/sec  (Table  IV).  Using  the  C-rirvg  instruments,  the  diameter 
of  the  array  is  not  large  enough  to  show  much  difference  in 
S/Nfor  the  two  group  velocities.  However,  there  is  3  db 
difference  in  the  S/N  for  group  velocities  of  3.0  and  3.8  km/sec 
using  AOZ  and  the  F-ring  instruments.  It  is  apparent,  there¬ 
fore,  that  care  should  be  taken  in  the  selection  of  the  group 
velocity  with  which  to  beam  a  large  aperture  long  period  array. 

Long  period  beams  were  formed  using  a  low-pass  filter 
(Figure  21)  on  the  vertical  components  for  events  recorded  at 
UBO  and  TFO.  The  results  are  presented  in  Table  V.  Comparing 
the  data  in  Table  V  with  that  in  Table  III,  it  can  be  seen  that 
the  band-pass  filter  eliminated  approximately  the  same  amount 
of  noise  as  did  the  low-pass  filter. 

Beams  formed  using  band-passed  horizontal  traces  for  UBO 
and  TFO  (Table  VI) show  that  these  horizontal  beams  are  as 
efficient  as  the  vertical  component  beams.  The  noise  reduction 
for  any  one  event  recorded  at  any  array  are  approximately  the 
same  for  both  the  horizontal  components. 
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CONCLUSIONS 

I 

* 

Utilization  of  the  long  period  signals  assembled  and  the 
fundamental  Rayleigh  mode  dispersion  curves  calculated  in  this 
study  should  increase  the  effectiveness  of  the  arrays  UBO,  TFO 
and  LASA  as  detectors  of  energy  frpm  seismic  events^ 

The  rms  noise  level  seem$>  to  be  in  the  8  to  20  my  range 

i  t  * 

for  each  of  the  arrays  UBO,  TFO  and  LASA.  The  reduction  of 
noise  through  simple  beamforming  approaches  the  value  of  N,2  db 
for  each  of  the  three  arrays.  Signal  loss  is  incurred,  however, 
in  beaming  LASA  with  a  group  velocity  of  3.5  km/sec  for  all 
events.  '•  / 

tv  / 

.  '  fr  ,  :/  ■  • 

.•* 

<• 


/ 
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Figure  5.  Dispersion  of  fundamental  mode  Rayleigh  waves 
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Figure  S.  Dispersion  of  fundamental  mode  Rayleigh  waves 
from  an  event  In  Hindu  Kush. 
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Figure  19.  Dispersion  of  fundamental  nod*  Rayleigh  waves 
from  an  event  In  the  Unimak  Islands. 


YUGOSLAVIA 


200  400 


ECONDS 


O 

O 

E 

Ul 

o  P- 


Figure  20.  Dispersion  of  fundanental  node  Rayleigh  waves 
from  an  event  In  Yugoslavia. 


Figure  22.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  Albania 
recorded  at  UBO. 
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Figure  23.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  Argentina 
recorded  at  UBO. 


Figure  24.  Band  pass  filtered  rijise  an-d  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  the 
North-. Atlantic  recorded  at  UBO. 


Figure  26.  Band  pass  filtered  nolseand  signal  traces  with 
unphased  -and  phased  sums  for  an^event  at  the 
Coast  of  Chile  recorded  at  UBO. 
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Figure  27.  Band  pass  filtered  noise  and  signal  traces  with 
unphase'd  and  phased  sums  for  an  event  In  Costa 
Rica  recorded  at  UBO. 


Figure  28.  Band  pass  filtered  noise  and  signal  traces 
.with  unphased  and  phased  sums  for  an  event 
In  El  Salvador  recorded  at  UBO. 


Figure  29.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sum  for  an  event  in  the 
Fox  Island*  recorded  at  UBO. 
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Figure  33.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  the 
Kermadec  Islands  recorded  at  UBO. 
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Figure  34.  Barrd  pass  filtered  nodse  and  signal  traces  with 
unpl>ased  and  phased  sums  for  an  event  in  tt]e_ 
Ko<Tfac  Islands  recorded  at  UBO. 
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.  Figure  35.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  the 
Kuril  Islands  recorded  at  UBO. 


Figure  36.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  East 
New  Guinea  recorded  at  UBO. 
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Figure  39.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  Sinklang 
recorded  at  UBO. 


Figure  40.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  In  the 
Volcano  Islands  recorded  at  UBO, 
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Figure  42.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  In  the 
North  Atlantic  recorded  at  TFO. 
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Figure  43.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  the 
n  North  Atlantic  Ridge  recorded  at  TFO . 


Figure  44.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in 
El  Salvador  recorded  at  TFO. 


Figure  45.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  the 
Fox  Islands  recorded  at  PFO. 


Figure  46.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  Galapagos 
recorded  at  TFO. 
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Figure  47.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  the 
Border  Region  of  Greece  -  Albania  recorded  at 
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Figure  49.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  Hokkaido 
recorded  at  TFO. 


Figure  50.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  the 
Kermadec  Islands  r/ecorded  at  TFO. 
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Figure  51.  ftand  pass  filtered  noise  an4  signal  traces  with 
unphased  and  phased  sums  for  an  event  i  n,  the 
Kodiac  Islands  recorded  at  TFO. 
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Figure  52.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  the 
Kurile  Islands  recorded  &t  TFO. 


Figure  53.  Band  pass  filtered  noise  and  signal  traces  with 
unphased  and  phased  sums  for  an  event  in  East 
New  Guinea  recorded  at  TFO. 
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Figure  54.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sunr$  'for  an  event  In  Nicaragua 
recorded  at  TFO.  / 
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Figure  55,  Band  pass  filtered  noise  and  signal  traces  with 
,  unphased  and  phased  sums  for  an  event  in 

Sinkiang  recorded  at  TFO . 
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Figure  57b.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  Costa 
Rica  recorded  at  LASA. 
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El  Salvador  recorded  at  LASA. 
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Figure  59a.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  the 
Fox  Islands  recorded  at  LASA. 
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Figure  59b.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  the 
Fox  Islands  recorded  at  LASA. 
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Figure  60a.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  the 
Border  Region  of  Greece  -  Albania  recorded  at 
LASA. 


Figure  60b.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  the 
Border  Region  of  Greece  -  Albania  recorded  at 
LASA. 


Figure  61a.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  the 
Gulf  of  Alaska  recorded  at  LASA. 
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Figure  61b.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  the 
Gulf  of  Alaska  recorded  st  LASA. 


Figure  62a.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in 
Hindu  Kush  recorded  at  LASA. 


AA/VxAAAM^ V'S'-* wv\m 


Figure  62b.  Band  pass  filtered  noise  and  signal*  traces  with 

unphased  and  phased  sums  for  an  event  In 
Hindu  Kush  recorded  at  LASA. 
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Figure  63b.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  the 
X  Kodlac  Islands  recorded  at  LASA. 


Figure  64b.  Band  pass  filtered  noise  and  signal  traces  with 

.unphased  and  phased  sums  for  an  event  in  the 
Kurile  Islands  recorded  at  LASA. 
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Figure  66a.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  the 
Near  Islands  recorded  at  LASA. 
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Figure  66b.  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  In  the 
Near  Islands  recorded  at  LASA. 
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New  Guinea  recorded  at  LASA. 


Figure  68a,  Band  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  an  event  in  the 
Philippine  Islands  recorded  at  LASA. 
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Figure  69b.  Bajfrtf  pass  filtered  noise  and  signal  traces  with 

unphased  and  phased  sums  for  .an  event  in  the 
Rat  Islands  recorded  at  LASA. 
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Figure  71.  5  Long  period  RMS  noise  levels  at  UBO,  TFO  and  LASA. 
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Figure  74.  Actual  S/N  Improvement  of  long  period  UBO,  TFO 
and  LASA  beams  minus  N1*. 
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